In this paper, we design aperiodic gratings based on orientation-patterned gallium arsenide (OP-GaAs) for converting 2.1 μm pump laser radiation into long-wave infrared (8-12 μm) in an idler-efficiency-enhanced scheme. These single OP-GaAs gratings placed in an optical parametric oscillator (OPO) or an optical parametric generator (OPG) can simultaneously phase match two optical parametric amplification (OPA) processes, OPA 1 and OPA 2. We use two design methods that allow simultaneous phase matching of two arbitrary χ 2 processes and also free adjustment of their relative strength. The first aperiodic grating design method (Method 1) relies on generating a grating structure that has domain walls located at the zeros of the summation of two cosine functions, each of which has a spatial frequency that equals one of the phase-mismatch terms of the two processes. Some of the domain walls are discarded considering the minimum domain length that is achievable in the production process. In this paper, we propose a second design method (Method 2) that relies on discretizing the crystal length with sample lengths that are much smaller than the minimum domain length and testing each sample's contribution in such a way that the sign of the nonlinearity maximizes the magnitude sum of the real and imaginary parts of the Fourier transform of the grating function at the relevant phase mismatches. Method 2 produces a similar performance as Method 1 in terms of the maximization of the height of either Fourier peak located at the relevant phase mismatch while allowing an adjustable relative height for the two peaks. To our knowledge, this is the first time that aperiodic OP-GaAs gratings have been proposed for efficient long-wave infrared beam generation based on simultaneous phase matching.
INTRODUCTION
Laser sources that can generate long-wave infrared (8-12 μm) beams have important applications in fields such as infrared laser projector technologies, remote sensing, and spectroscopy. CO 2 lasers have been commonly used in such applications; however, solid-state lasers are usually the preferred alternatives due to their compact size and ease of operation.
The gallium arsenide (GaAs) crystal has a large second-order nonlinearity (d 14 ∼ 94 pm∕V) [1] , a wide transparency range (0.9-17 μm), and favorable thermal and mechanical properties. Although birefringent phase matching is not possible due to optical isotropy of the crystal, it is possible to employ quasi-phase matching (QPM) in orientation-patterned GaAs (OP-GaAs) formed by periodic inversions of the crystallographic orientation grown into the crystal [2, 3] , commonly using hybrid vapor phase epitaxy (HVPE) growing techniques [4] [5] [6] . In recent years, this crystal has been employed in optical parametric oscillators (OPOs) [7] [8] [9] [10] [11] [12] [13] and seeded OPGs [14] for efficient frequency conversion of laser radiation into the 2-5 μm [7] [8] [9] [10] [11] 13] and 8-12 μm [7, 8, [12] [13] [14] regions of the spectrum.
The achievable power conversion efficiencies for the conversion of the well-established 2 μm laser sources, such as a Tm:fiber laser pumped Ho:YAG laser, a Tm,Ho:fiber laser, or a Tm,Ho:YLF laser, into the relatively long wavelength region of 8-12 μm are rather low due to the relatively small quantum efficiencies (25%-17% corresponding to the conversion of a 2 μm pump to an 8 μm idler and a 2 μm pump to a 12 μm idler, respectively). One solution is the use of cascaded optical parametric amplification (OPA) processes for the enhancement of the conversion efficiency of the idler, whose wavelength is in the 8-12 μm band in our case, compared to what is achievable by a single OPA process [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In such a device, when pumped by a laser source, the signal is amplified, and the idler is generated as a result of the first OPA process (OPA 1). The signal acts as the pump for the second OPA process (OPA 2) and signal photons are further converted into idler and difference-frequency (DF) photons; hence the idler conversion efficiency is enhanced, which means that the 100% limit for the pump-to-idler photon conversion efficiency of the single OPA process can be exceeded.
In order to achieve higher overall conversion efficiencies, rather than cascading OPA 1 and OPA 2 in separate gratings, it is preferable to employ a single grating in which both processes take place by means of simultaneous phase matching (SMPM) [20] [21] [22] [23] [24] [25] [26] [27] [28] [30] [31] [32] [33] . SMPM increases the effective interaction length dedicated to each nonlinear process. Hence it is usually more advantageous to employ a single grating in which two processes are simultaneously phase matched rather than two separate gratings, with a total length equal to that of the single grating, where in each grating only a single process is phase matched. Furthermore, in an idler-efficiency-enhanced device employing SMPM, it is highly desirable to adjust the relative strength of the processes involved to an optimum value by means of the grating design method so that the output conversion efficiency or power is maximized. In [27, 28] , the design of aperiodically poled MgO-doped LiNbO 3 (APMgLN) gratings for an idlerefficiency-enhanced mid-wave infrared (3.8 μm) beam generating seeded OPG were reported. The design with the optimum relative strength of OPA 1 and OPA 2 processes was determined at a given pump power for maximum output efficiency or power.
In this paper, we compare the theoretical performance of two design methods that allow SMPM of two arbitrary χ2 processes and also free adjustment of their relative strength. The crystal of these one-dimensional aperiodic gratings is chosen to be OP-GaAs. These single gratings placed in an OPO or an optical parametric generator (OPG) can simultaneously phase match both OPA 1 and OPA 2 for converting the 2.1 μm pump laser radiation into 8-12 μm in an idler-efficiencyenhanced scheme. Recently, a model and its results were reported for an idler-efficiency-enhanced OPO based on two separate OP-GaAs gratings placed in the same cavity for converting 2.1 μm laser radiation into 8-12 μm [29] . However, to our knowledge, single OP-GaAs gratings employing SMPM that are constructed for the same purpose were not proposed before.
The first aperiodic grating design method (Method 1), which was reported in [31] , relies on generating an aperiodic grating structure that has domain walls located at the zeros of the summation of two cosine functions, each of which has a spatial frequency that equals one of the phase mismatches of the two processes. In this method some of the domain walls are discarded considering the minimum domain length (D min ) that is achievable in the production process. In [27, 28] , this method was used for designing aperiodic gratings for an idler-efficiency-enhanced mid-wave infrared beam generating seeded OPG.
The second design method (Method 2) relies on discretizing the crystal length with samples of length D s that are much smaller than D min and testing each sample's contribution in such a way that the sign of the nonlinearity maximizes the magnitude sum of the real and imaginary parts of the Fourier transform of the grating function at the relevant phase mismatches. Also, during the procedure, the smallest domain length is imposed to be D min . This method has a similar philosophy with the design method presented in [32] that is used for secondharmonic generation at multiple wavelengths. However, our method has a different formulation. It is more general in terms of the selection of the signs of the nonlinearity of each sample, and it has the capability of the adjustment of the relative strength of the Fourier peaks located at the relevant phase mismatches during the grating construction. Also we believe our method yields larger Fourier peak heights and less noise in the Fourier spectrum due to the fact that we use a much smaller length D s for the sampling, rather than D min .
It was shown that a grating function that is generated using Method 1 is best aligned with a design target in terms of the dot product in Fourier space [33] . In this paper, we propose Method 2, which we find produces a similar performance as Method 1 in terms of the maximization of either Fourier peak height while adjusting the relative height of these peaks. Furthermore, to our knowledge, this is the first time that aperiodic OP-GaAs gratings are proposed for efficient long-wave infrared beam generation based on simultaneous phase matching.
APERIODIC GRATINGS FOR LONG-WAVE INFRARED GENERATION
We explain the proposed device structure for long-wave infrared generation and the aperiodic grating design methods applied to the OP-GaAs crystal employed in this device. We compare their performance.
A. Device Structure
The proposed long-wave infrared generating idler-efficiencyenhanced OPO (IEE-OPO) is assumed to be pumped by a 2090 nm laser source that produces nanosecond pulses. The wavelength of the long-wave infrared output of IEE-OPO is chosen to be 10.5 μm. Figure 1 shows the diagram for the device structure of the OPO. The pump beam is focused at the center of an OP-GaAs crystal with a lens L1. We assume that two OPA processes (OPA 1 and OPA 2) are simultaneously phase matched in this single OP-GaAs grating with a length of 50 mm. Mirrors M1 and M2 are highly reflecting at the signal wavelength whereas they are highly transmitting at the pump wavelength λ p 2090 nm. M2 is highly transmitting at the idler and DF wavelength. The cavity is therefore singly resonant. The signal, idler, and DF wavelengths are λ s 2609 nm, λ i 10.5 μm, and λ DF 3472 nm, respectively. A seeded OPG without a cavity could also be used for the same purpose, provided that a 2609 nm diode laser is used as an injection seed. The IEE-OPO can employ one of the collinear phasematching geometries given in [9] . In order to maximize the output idler conversion efficiency, it would be beneficial to set all waves linearly polarized along the [111] axis of OP-GaAs so that the value of the nonlinear coefficient (without Miller scaling [34] ) for both OPA 1 and OPA 2 is ∼1.15d 14 [9] . The crystal is assumed to be placed in an oven that is kept at a temperature of T 40°C.
B. Grating Design Methods
We employed two grating design methods for constructing the aperiodic OP-GaAs gratings to be used in the IEE-OPO. Both design methods can produce peaks for the magnitude of the Fourier transform of their grating functions with these peaks located at the two phase mismatches of OPA 1 and OPA 2; hence they facilitate SMPM of these processes. With these methods, either one of these Fourier peak heights can be made to be quite large. Furthermore, it is possible to adjust the relative height of these two peaks; hence the relative strength of the processes can be adjusted. It was recently shown that the maximum output efficiency or power can be achieved by optimizing the relative strength of OPA 1 and OPA 2 processes in an idler-efficiency-enhanced seeded OPG [27, 28] .
Method 1
Method 1 starts with the summation of two cosine functions, each of which has a spatial frequency that corresponds to the phase-mismatch term of one of the OPA processes [27, 31] ; hence
where z represents the distance in the propagation direction and A is a parameter whose value is to be adjusted. For each value of A, one obtains a single grating function gz that represents the sign of the nonlinearity at each domain and a single value for the relative strength of the two processes. Here, the phase-mismatch terms corresponding to the two processes are given by
with k p , k s , k i , and k DF being the wavenumbers of the pump, signal, idler, and difference frequency, respectively. The phasemismatch terms at the chosen wavelengths and at T 40°C are Δk OPA1 7.4867 × 10 4 m −1 and Δk OPA2 5.1295 × 10 4 m −1 . These are calculated using the refractive index equation given in [35] for GaAs. The zero crossings of the function given in Eq. (1) yield the domain wall locations of the OP-GaAs, and hence the grating function is given as
where sgn represents the signum function. Next, the restriction of achievable minimum domain length (D min ) is imposed, which is a restriction of the production process. We use D min 16 μm, which is a feasible value in current HVPE growth technology. We sequentially flip the sign of the shortest domain of gz whose length is less than D min until there are no domains left shorter than this length. At the end of this step, we also round off the domain wall locations to the nearest 1 μm increment considering the feasible resolution for the photolithographic mask.
The normalized Fourier transform of the resulting grating function gz is given as
where l c is the grating length.
The Fourier-domain function jGΔkj has peaks at Δk OPA1 and Δk OPA2 , which facilitate the SMPM of these interactions. We define
which yields the magnitude ratio of these peak heights.
The effective nonlinear coefficients for the two OPA processes are given by are obtained by scaling d 14 with Miller's rule [34] for OPA 1 and OPA 2, respectively. Hence, the relative strength of the two OPA processes is given by
Method 2
In Method 2, the crystal length is discretized with samples of length D s , and each sample's contribution is tested in such a way that the sign of the nonlinearity maximizes the magnitude sum of the real and imaginary parts of the Fourier transform of the grating function at the relevant phase-mismatch terms. As in Method 1, the shortest domain length is chosen to be D min 16 μm due to the restriction of production process, and a much smaller value, 1 μm, is used for D s . The normalized Fourier transform of the grating function gz given in Eq. (5) can be approximated as follows:
gD s n cosΔkD s n − jgD s n sinΔkD s n;
where N is the number of samples with N D s l c (N 50; 000 for l c 50 mm) and gD s n −1 m with m 1 or 2 for n 1; …; N. Depending on the sign of the nonlinearity dictated by the grating function gD s n, m is either 1 or 2 at each sample with index n.
One observes that there are two contributions to the summation that yield the Fourier transform at a given Δk from each sample with index n: The first one is a real term −1 m cosΔkD s n∕l c , and the second one is an imaginary term −−1 m j sinΔkD s n∕l c .
Consequently, starting at n 1 and ending at n N , we can construct a grating function by choosing the sign of the nonlinearity at each sample. This is possible by selecting the sign of the nonlinearity at each sample such that the sum of the magnitudes of the real and imaginary parts of the Fourier transform at Δk OPA1 and Δk OPA2 is maximized with a certain weight that will either favor the term calculated at Δk OPA1 or the one at Δk OPA2 . For this purpose, we define the following test function and apply the following selection procedure:
where A is the weight parameter, which is also used for adjusting the relative strength of the two processes and s i 1 or −1 (for i 1; 2; 3, or 4). For each of the eight cases corresponding to s 1 s 2 s 3 s 4 1−1−1−1;1−1−11;…;1111, where s 1 is chosen to be +1, we calculate f test at each sample from n 1 to N , and we choose either m 1 or m 2, whichever gives the largest value of f test . We obtain eight grating functions at the end. Here, since the magnitude of each term on the righthand side of Eq. (11) does not change depending on the sign in front of the term, there are eight cases, each of which yields the same value for the magnitude of each term.
For efficient operation, it is desirable to have the grating energy concentrated at the Fourier peak locations, Δk OPA1 and Δk OPA2 . Hence, we select the grating function that yields the largest normalized grating energy (NGE) [27] given by
We note that 2∕π is the largest Fourier coefficient that can be obtained for a periodic grating, which is attainable if the grating has a 50% duty cycle [36] . However, we should also note that for the given l c , D s , D min , Δk OPA1 , and Δk OPA2 values, the resultant NGE values (in percent) are approximately the same within 2 percentage points for all eight gratings. We will also use NGE for comparing the performance of Method 2 with that of Method 1. Last, we employ Eqs. (6), (9), and (10) for calculating the relative strength of the two processes.
C. RESULTS AND DISCUSSION
We first present the aperiodic grating structures obtained using Method 1 and Method 2 for various values of α along with the dependence of α on coefficient A that is used for generating these gratings.
We discuss the spectral and temperature phase-matching bandwidths of the gratings and the amount of temperature tuning necessary if the pump laser wavelength does not match with the design wavelength. Last, we discuss the systematic error in domain wall locations that occurs in OP-GaAs gratings during the growth process and the effects of this error on grating performance.
Grating Structures
We have chosen 0 ≤ α ≤ 2 as the region of interest [27, 28] for designing our aperiodic gratings based on OP-GaAs. When α 0, the grating is periodic, OPA 2 does not take place, and there is no idler-efficiency enhancement. When α 2, the effective nonlinearity of OPA 2 is approximately twice that of OPA 1; hence as the signal is strongly converted into idler and DF, the resonant signal experiences a relatively large nonlinear loss, which means that the IEE-OPO will be below threshold for ordinary pumping levels. Consequently, within this α range, one would expect to have the optimum α where the idler-efficiency enhancement is at its maximum.
In Fig. 2(a) , the α values that are obtained at the end of the procedure of Method 1 and Method 2 are plotted against different values of the coefficient A given in Eqs. (1) and (11)
For both methods, it can be seen that the NGE dedicated to the two OPA processes has a minimum value of 81% at around α 1.0; hence 19% of the NGE is not usable in SMPM. We note here that this unusable portion of NGE is due to the Fourier peaks (of jGΔkj ) that occur at locations other than Δk OPA1 and Δk OPA2 . Such peaks are shown in Fig. 6 given at the end of this section.
We define the optimized function F opt as follows:
where functions Re and Im give the real and imaginary parts of their arguments, respectively. In Fig. 3 , we plot F opt as a function of the resultant α for both methods. Although NGE values for the two methods are almost equal, F opt values are quite different from each other. Equations (11) and (13) are closely related. Equation (11) is used for selecting the sign of the nonlinearity at each sample that maximizes the sum of the magnitudes of the real (cos terms) and imaginary (sin terms) parts of the Fourier transform contributions calculated at Δk OPA1 and Δk OPA2 (except the scaling with 1∕l c ), where also a weight coefficient A is used. Similarly, Eq. (13) However, from Fig. 3 , one observes that optimum values are not obtained if F opt is calculated using the gratings designed by Method 1. This is an indication that the two methods produce different grating structures. We should note that when calculating Eq. (13) for each method, we used the values of the A coefficient for the particular method. Also, as seen from Fig. 2(a) , the values of the A coefficient for the two methods are similar. Hence it is still possible to make a fair comparison of the F opt function calculated by the two methods. We conclude that considering their F opt values, Method 1 and Method 2 produce different grating structures, but considering their NGE values, these gratings will yield similar idler output efficiencies for the IEE-OPO.
In Fig. 4 , we provide the plots showing the lengths of inverted and noninverted domains as functions of domain order for three gratings with α 0.3, α 0.7, and α 1.5 (l c 50 mm), which were generated using Method 1. In Fig. 5 , we provide similar plots for the same α values while the gratings were generated using Method 2.
Consider the gratings generated using Method 1: For the grating with α 0.3, there are 1192 domains. Both inverted and noninverted domains have varying lengths between 32 μm and 48 μm. For the grating with α 0.7, there are 1193 domains. Both inverted and noninverted domains have varying lengths between 16 μm and 50 μm. For the grating with α 1.5, there are only 875 domains. Both inverted and noninverted domains have varying lengths that are mainly centered at around 22 μm, 51 μm, and 97 μm. Considering the gratings generated using Method 2, similar distributions for the lengths of inverted and noninverted domains are obtained. However, a closer look will reveal the differences in domain lengths compared to those produced by Method 1.
Plots of the magnitude of the normalized Fourier transform (jGΔkj) of the gratings that were generated using Method 2 are shown in Fig. 6 . The peaks that are used for the SMPM of the two OPA processes are marked in each plot. As is typical with all grating structures, in each plot there are some unused peaks that result in a decrease in the effective nonlinearities of the processes. The plots for the gratings generated using Method 1 are similar but not shown.
In Also NGE is lower with ∼10 percentage points, and there will be more noise in the Fourier spectrum (jGΔkj). The overall result will be a significant decrease in output conversion efficiency. Consequently, in Method 2, it is necessary to use a much smaller D s compared to D min .
Both Method 1 and Method 2 are fast algorithms. It typically takes about four times shorter with Method 1 to calculate one grating structure for a given A coefficient.
Phase-Matching Bandwidths and Tolerances
We first determined the spectral and temperature phasematching bandwidths for the IEE-OPO based on the aperiodic OP-GaAs gratings. For this calculation, we needed to determine the distance between the locations of the first two zeros of jGΔkj (in Δk domain) around each Fourier peak corresponding to OPA 1 or OPA 2. Our analysis is similar to what is given in [27] .
Regardless of the design method employed, the grating function can be described as a multiplication of a step function that is zero for z < 0 or z > l c and 1 for 0 ≤ z ≤ l c with another function that has the grating structure for 0 ≤ z ≤ l c . The multiplication corresponds to convolution operation in Fourier space; hence both Fourier peaks have the characteristics of a sinc function, which is the Fourier transform of the step function. The first two zeros around each of the peaks are separated by a distance of 4π∕l c , provided that the longest domain length in the grating is much shorter than l c , a condition that is always satisfied. These zero locations around each peak mark the passband of a process. We note that 4π∕l c 251.3 m −1 for l c 50 mm. We use the passband definition given above rather than the full-width-half-maximum (FWHM) definition that is usually employed for determining the phase-matching bandwidths. The reason for this is that the idler power conversion efficiency may not have the characteristics of a sinc 2 function for the dependence on Δkl c ∕2, which happens to be the case when there is a single process involved, the undepleted pump approximation is valid, and all waves are assumed to be plane waves [37] . However, none of these conditions or assumptions are generally valid for the IEE-OPO. One must note that the phase-matching bandwidth determined using our definition above usually represents an upper limit and the bandwidth over which there is significant idler output will be lower.
We determined the pump wavelength (λ p ) that can be phase matched when both phase mismatches are located either at the lower or the higher limits of the passband of OPA 1 and OPA 2 processes. We summed up the absolute values of the shifts in λ p (2.3 nm) that are required to satisfy the phase matching condition for these two cases. Consequently, the spectral phasematching bandwidth (defined as from-zero-to-zero, not as a FWHM) for the pump is 4.6 nm for the OP-GaAs gratings with l c 50 mm (regardless of the design method employed and the value of α ). As the grating length becomes shorter, the bandwidth becomes larger in accordance with the 4π∕l c expression for the passband above. We kept the operating temperature of the crystal fixed at T 40°C and used numerical rootfinding techniques to calculate this result. It is also noted that when λ p increases by 2.3 nm, λ s and λ DF increase by 4.1 nm and 8.4 nm, respectively, whereas λ i decreases by 10.1 nm.
We note here that if we assume that OPA 1 phase mismatch is located at the lower (or higher) limit of the passband while OPA 2 phase mismatch is located at the higher (or lower) limit of the passband, respectively, we obtain shifts in λ p that are about 0.7 nm for these two cases and a total of 1.4 nm spectral bandwidth. Hence the 4.6 nm value represents the largest possible spectral bandwidth for the pump that can be obtained using this calculation.
We performed a similar calculation for estimating the temperature phase-matching bandwidth of the IEE-OPO. We determined the temperature (T ) for satisfying phase matching while λ p is kept fixed at 2090 nm and when both phase mismatches are located either at the lower or the higher limits of the passband of OPA 1 and OPA 2 processes. We summed up the absolute values of the shifts in T (6.6°C) that are required to satisfy the phase matching condition for these two cases. Consequently, the temperature phase-matching bandwidth turns out to be 13.2°C for the IEE-OPO based on OP-GaAs gratings with l c 50 mm (regardless of the design method employed and the value of α ). It is also noted that when T increases by 6.6°C, λ s and λ DF decrease by 1.2 nm and 4.4 nm, respectively, whereas λ i increases by 21.1 nm.
Next, we calculate the amount of the temperature tuning for the IEE-OPO that would be needed if the pump wavelength differs from the design wavelength, 2090 nm. The pump lasers that can be used for the long-wave infrared generating IEE-OPO usually have a fixed value for λ p . It is important to choose this λ p to be almost equal to 2090 nm in order to use the gratings presented in this paper for efficient idler generation. Also the linewidth of the pump laser is to be much smaller than 4.6 nm (the spectral phase-matching bandwidth) in order not to have a reduction in output efficiency compared to what would be expected with a single-frequency pump source. However, if λ p does not coincide with 2090 nm, one can tune the temperature of the OP-GaAs grating in the IEE-OPO so that all other wavelengths (signal, idler, and DF) are tuned and the phase-mismatch values are readjusted to be the design values Δk OPA1 7.4867 × 10 4 m −1 and Δk OPA2 5.1295 × 10 4 m −1 . Figure 7 shows the operating temperature restoring the phase matching as a function of the pump wavelength for Research Article the grating that was originally designed for λ p 2090 nm and T 40°C. For instance, from the figure, one observes that if λ p happens to be 2092 nm, one needs to set T 45.7°C to have efficient conversion into the idler wavelength. We also note that when λ p 2085 nm (λ p 2095 nm), λ s , λ i , and λ DF decreases (increases) by 6.6 nm, 18.8 nm, and 9.7 nm. The plot is for the grating with α 0.3 that was designed with Method 1. However, the results are approximately the same regardless of the design method employed or the value of α. Next, we determined the effect of systematic errors that occur at the positions of the domain boundaries of OP-GaAs gratings during the HVPE growth process. It is noted that there is usually no measurable amount of randomness in the domain wall locations in OP-GaAs gratings; however, there is a systematic change in the positions of the domain walls depending on the depth within the crystal [38] . For example, if the template used during the HVPE growth process were a periodic grating with a duty cycle of 50%, the resulting duty cycle would be 50% at locations near the template and less than 50% at locations further away, whereas the period would remain unchanged. For an aperiodic OP-GaAs grating with an active thickness of about 650 μm, one can expect that the length of the inverted domains to systematically decrease by a few micrometers from the bottom of the crystal to the top of the crystal, whereas the sum of the lengths of an inverted and a noninverted domain that are adjacent to each other remains unchanged. For thicker gratings the systematic error will be larger.
We considered the effect of this systematic error for three values of the amount of reduction in the length of the inverted domains, Δl 1 μm, 3 μm, and 5 μm. The results are approximately the same regardless of the design method employed or the value of α.
We performed the length reduction for all inverted domains in a particular grating, and we kept the sum of the lengths of one inverted and one noninverted domain within a local period unchanged. We observed that for all Δl values, the fractional errors in placing the Fourier peaks at Δk OPA1 jΔk New1 − Δk OPA1 j∕Δk OPA1 and at Δk OPA2 jΔk New2 − Δk OPA2 j∕Δk OPA2 are in the order of 10 −6 , where Δk New1 and Δk New2 are the locations of the two Fourier peaks of the modified jGΔkj after the systematic error was implemented on the grating structure. This fractional error corresponds to a wavelength shift in the pump wavelength, which is in the order of 10 −3 nm, a quite small value compared with the linewidth of the pump laser, which is typically less than 1 nm (FWHM); hence it is negligible.
We observed that the value of NGE decreases with an increasing amount of inverted-domain length reduction. For the grating with α 0.3 generated with Method 1, NGE 92.9%, 91.9%, and 89.9% for Δl 1 μm, 3 μm, and 5 μm, respectively. The result is a slight reduction in output efficiency. Also, the value of α for the systematic-error-implemented grating slightly increases (within ∼2%), as Δl increases. Similarly, for the grating with α 0.3 generated with Method 2, NGE 93.1%, 92.1%, and 90.2% for Δl 1 μm, 3 μm, and 5 μm, respectively.
When Δl 5 μm, the value of NGE is lower by ∼3, ∼2, and ∼2 percentage points for α 0.3, α 0.7, and α 1.5 gratings, respectively, compared to the case when there is no systematic error in these gratings. When Δl 5 μm, we further simulated the effect of a random error at the domain wall locations that might be present due to unidentified effects. For this purpose, we added random numbers to the domain wall locations from a zero-mean uniform distribution with an rms error of σ 1 μm. In this case, the fractional error in placing the Fourier peaks at the original locations is slightly higher and the corresponding pump wavelength shift is in the order of 10 −2 nm, still a quite low value. Also, this random error introduces a further ∼0.5 percentage point decrease in the value of NGE. Consequently, errors in the domain wall locations of OP-GaAs gratings that occur due to the artifacts of the current growth technology are expected to only weakly affect the performance of IEE-OPOs.
CONCLUSION
In this paper, we proposed aperiodic OP-GaAs gratings that can simultaneously phase match two OPA processes for the conversion of a 2.1 μm laser radiation into 8-12 μm based on an IEE-OPO or an IEE-OPG. We used two design methods for generating these gratings and compared their performance. To our knowledge, this is the first time that aperiodic OP-GaAs gratings are proposed for efficient long-wave infrared beam generation based on single gratings that can perform SMPM.
In this work, we have only concentrated on the grating design methods that can be employed for designing such OPGaAs gratings. The next step is to determine the optimum α, which maximizes the conversion efficiency or output power of the 8-12 μm output beam. Such an optimization based on a realistic model that takes the diffraction of the beams into account was recently reported for an IEE-OPG employing APMgLN gratings in which the relative strength of OPA 1 and OPA 2 processes was optimized at a given pump power for maximum output efficiency or power [27, 28] . We reserve the use of a similar model for the proposed single-grating IEE-OPO for future work.
However, we note here that a similar model for a long-wave infrared IEE-OPO based on two separate OP-GaAs gratings placed in the same cavity was recently developed [29] , and the improvement in the output efficiency due to intracavity idler enhancement was quantified. For the same total crystal length, one would expect to achieve even larger improvement in the output conversion efficiencies if single OP-GaAs gratings similar to what we report in this work are employed for the SMPM of OPA 1 and OPA 2 instead of two separate gratings, that is, one for OPA 1 and one for OPA 2. We used two methods for designing the aperiodic OP-GaAs gratings. Method 1 relies on generating a grating structure that has domain walls located at the zeros of the summation of two cosine functions, each of which has a spatial frequency that equals one of the phase mismatches of the two processes. We proposed Method 2, which relies on discretizing the crystal length with samples and testing each sample's contribution in such a way that the sign of the nonlinearity maximizes the magnitude sum of the real and imaginary parts of the Fourier transform of the grating function at the relevant phase mismatches. In this work, we compared their performance.
We believe Method 1 and Method 2 will be the methods of choice for designing aperiodic gratings that are employed in idler-efficiency-enhanced parametric devices for infrared beam generation. It was previously shown that a grating function that is generated using Method 1 is best aligned with a design target in terms of the dot product in Fourier space [33] . We have found that Method 2 is also a fast algorithm (similar to Method 1), and it even performs slightly better in terms of the maximization of either Fourier peak height. Both methods facilitate the free adjustment of the relative Fourier peak heights and hence the relative strength of OPA 1 and OPA 2, which is crucial for optimizing the output efficiency or power.
Although the results are not reported in this work, we also implemented two global optimization algorithms, the simulated annealing algorithm [39] and the genetic algorithm [40] , for designing aperiodic gratings whose jGΔkj 0 s have Fourier peaks located at the phase mismatches with adjustable relative peak heights. We have observed that these algorithms run drastically slower than Method 1 and Method 2, and they are never able to achieve a Fourier peak height (for either one of the peaks) as large as the one obtained by Method 1 or Method 2. We even tried to use one or more grating structures generated by Method 1 as the seed individuals in the population for the genetic algorithm, but we found that the genetic algorithm was not able to converge to a grating structure that performed as good as the initial seed(s).
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